Purpose: The choroid is thought to be relevant to the pathogenesis of nonneovascular age-related macular degeneration, but its role has not yet been fully defined. In this study, we evaluate the relationship between the extent of macular drusen and specific choroidal parameters, including thickness and intensity.
A ge-related macular degeneration (AMD) is the leading cause of irreversible blindness among people aged 50 years or older in the developed world. 1 Age-related macular degeneration is an incompletely understood complex multifactorial disease influenced by genetic, environmental, metabolic, and functional factors. 2 Vision loss due to AMD is expected to increase substantially in the future years with the rapidly growing aging population. In the United States alone, the number of people suffering from advanced AMD is projected to reach 3 million by the year 2020. 3 Drusen are considered to be the hallmark clinical sign of nonneovascular AMD (NNVAMD), and the quantity of drusen area is known to be an important risk factor for progression to advanced AMD, manifested as geographic atrophy or choroidal neovascularization. 4, 5 Typical drusen associated with AMD are thought to be focal extracellular deposits of proteins and lipids at level of Bruch membrane situated between the retinal pigment epithelium (RPE) and the choriocapillaris. 6 Drusen appear yellowish on clinical examination and by traditional flash color fundus photography. The borders of drusen can often be poorly demarcated ("soft" or "indistinct") which can present a challenge for quantification. Historical methods for quantifying drusen area on color photographs have been qualitative or semiquantitative, and largely based on determining the level of drusen in an eye compared with standardized circles of known area. Drusen, however, are well seen on spectral domain optical coherence tomography (SD-OCT), and the threedimensional information allows drusen volume (DV) rather than just drusen area to be quantified. Automated algorithms for quantification of DV are commercially available and have been shown to be highly reproducible. 7 We have also demonstrated that these algorithms can be highly accurate when compared with manual segmentation by human graders. 8 We also observed that OCT-derived DV was an important risk factor for progression to advanced AMD. 9 In addition, in an elderly Amish population, we demonstrated that DV could be a potentially useful endophenotype for genetic studies. 10 The choroid is a major vascular layer of the eye, and is critical for providing metabolic support to the RPE and photoreceptors. 11 The choroid is commonly divided into three vascular layers, consisting of an inner sinusoidal capillary network (choriocapillaris), a middle layer of medium-sized vessels (Sattler layer), and an outer layer composed of larger vessels (Haller layer). 12 Several studies have investigated the role of choroid in the pathogenesis of AMD, 13 and changes in choroidal thickness (CT) have been suggested as an indicator of ocular 14 and systemic health. 15 Recently, in an elderly Amish population, we were able to demonstrate that CT may also be heritable. 10 Thickness alone, however, may not be the only choroidal parameter of interest. The reflectivity or brightness of the choroid may also be altered by disease.
The association between choroidal parameters and DV, however, has not been well defined. In this study, we evaluate the relationship between DV and CT and reflectivity in our elderly Amish patients with NNVAMD, and compare these findings with a nonAmish AMD cohort.
Methods
The study was approved by the Institutional Review Boards of the University of California Los Angeles, the University of Miami, and the University of Pennsylvania. All procedures were conducted in accordance with the 2000 Declaration of Helsinki. Written informed consent was obtained from each subject before being enrolled in the study. The data from the Amish subjects were obtained from an ongoing study at the University of Pennsylvania and the University of Miami aimed at better understanding the genetics of AMD in this population. The nonAmish subjects were recruited from the Medical Retina Clinics of the Doheny-UCLA Eye Centers.
Subjects
The demographic profile of the study groups with early or intermediate NNVAMD is illustrated in Table  1 . Nonneovascular age-related macular degeneration was classified based on Age Related Eye Diseases Study (AREDS) classification: AREDS Category 2 (numerous small drusen or a few medium drusen) and AREDS Category 3 (numerous medium or at least one large drusen). 16 All subjects underwent a complete ophthalmic examination including color fundus photograph and SD-OCT imaging.
Exclusion criteria for the study were poor OCT image quality (signal strength ,6) due to significant media opacity, geographic atrophy, choroidal neovascularization, optic nerve pathologies, or evidence of other retinal disease.
Spectral Domain Optical Coherence Tomography Image Acquisition and Drusen Volume Calculation
All subjects underwent SD-OCT (Cirrus OCT; Carl Zeiss Meditec, Dublin, CA) imaging using a 6 · 6 mm macular cube protocol (128 B-scans and 512 A-scans per B-scan) centered on the fovea. The Cirrus Advanced RPE Analysis tool was used to automatically quantify 
Choroidal Parameter Generation
Raw OCT data obtained from SD-OCT were uploaded into the previously described and validated grading software, the 3D-OCTOR (Doheny Eye Institute, Los Angeles, CA). 17, 18 3D-OCTOR allows the user to manually define and segment various retinal boundaries in SD-OCT B-scans. After segmenting or defining the retinal layers of interest, the software computes mean thickness and intensity of the segmented layers from the scan pixel measurements.
A total of 5 layers were segmented from the foveal center subfield B-scans ( Figure 1 ): 1) vitreous, 2) ILM, 3) nerve fiber layer (NFL), 4) inner border of choroid, and 5) outer border of choroid, according to the Doheny Image Reading Center protocol described previously. 8, 19 The grading procedure was performed by two trained, certified, independent graders (SB and SBV) who were masked to the group assignment or the DV measurements. In situations of disagreement between gradings, the cases were adjudicated by the Doheny Image Reading Center medical director (SS) to yield a single final grading result for each case for use in subsequent analysis. Although previously established, 20 the intergrader reproducibility of the results of manual segmentation were also evaluated in this study.
After manual segmentation, the mean thickness of the choroid in the foveal center subfield was computed. The 3D-OCTOR also allows calculation of the mean intensity or brightness (optical density) of the choroid by averaging all pixels contained between its inner and outer boundaries.
Normalization of Choroidal Intensity
During image acquisition, several factors such as media opacity and scan tilt may affect signal quality and brightness of the structures visualized by SD-OCT. Normalization is a method to estimate the absolute brightness or intensity of the tissue/s. Previous reports have described methods to normalize signal intensities between subject visits. 21, 22 The normalization approach we followed involves the use of a dark structure, the vitreous and a bright structure, the NFL, as reference standards. These two structures are relatively unaffected by the AMD pathology, and considered to be the ideal reference standards. 19 Another bright structure on OCT is the RPE, but this layer is not ideally suited for use in normalization as it may be involved by the AMD disease process.
Similar to our previous studies, 19 in this analysis, choroidal intensity (CI) was normalized by subtracting Age is expressed as mean ± SD. the mean vitreous brightness/intensity (VI) from mean unnormalized CI, and the remainder was divided by the mean brightness/intensity of the NFL (NFL intensity). The resultant normalized intensity value for the pixels in the choroid is unitless. The value is generally less than one because the NFL tends to be one of the brightest structures in the image. The formula for normalizing CI is as follows:
Normalized choroidal intensity ðNCIÞ ¼ CI 2 VI NFL intensity
Statistical Analysis
The results obtained were expressed as mean ± SD. The correlation between DV, age, and the choroidal parameters were assessed using bivariate Pearson correlation. Linear regression analysis was used to predict the relationship between DV (as dependent variable), and age and choroidal parameters (as independent variables). The intergrader segmentation reproducibility was assessed using intraclass correlation coefficient. All the statistical analyses were performed using IBM SPSS software, version 20, and a P-value of , 0.05 was considered significant.
Results
The Amish group (53 eyes from 34 subjects) and the non-Amish group had a mean age of 74.48 ± 9.11 years and 74.39 ± 6.52 years respectively (Table 1) . Among the study eyes, 66% (Amish) and 72.5% (nonAmish) were from women. The differences in age, DV3, DV5, normalized choroidal intensity (NCI), and CT were not statistically significant between the groups (Table 2 ). Significant positive correlations were found between NCI and DV3 (r = 0.32, P = 0.02), DV5 (r = 42, P = 0.002) in the Amish population (Figure 2 ). The NCI was also positively correlated with DV3 (r = 0.33, P = 0.04) and DV5 (r = 0.33, P = 0.03) among the non-Amish cohort (Figure 3) . The negative correlations between NCI and CT were significant in Amish (r = 20.71, P = 0.001) (Figure 4 ) and non-Amish groups (r = 20.43, P = 0.01) (Figure 4 ). Correlations were not significant in both the groups when DV3 or DV5 was compared with age or CT (Table 3) . Choroidal thickness and NCI were not correlated with age in both Amish and non-Amish groups (Table 3) .
Linear regression model analysis showed NCI as the most significant constant predictor of DV (Table 4) . Two graders had an intraclass correlation coefficient of 0.95 (95% confidence interval: 0.86-0.98) in measuring CT, and 0.94 (95% confidence interval: 0.84-0.98) for computing NCI.
Discussion
The relationship between drusen and choroid in the pathogenesis of NNVAMD has been a topic of considerable discussion and speculation over many years. To our knowledge, this study for the first time has examined the relationship between SD-OCT generated DV and choroidal parameters in two distinct groups, Amish and nonAmish population. In particular, the role of NCI had not been evaluated in early or NNVAMD. We included two study populations, Amish and non-Amish to ascertain the phenotypic similarities or differences in DV and choroid between these two groups.
In this study of elderly Amish and non-Amish individuals with early or intermediate AMD, NCI was positively correlated with DV and negatively associated with CT. Interestingly, CT, which is correlated with AMD and the development of choroidal neovascularization and geographic atrophy, did not show any relationship with DV. Of note, we also failed to observe a relationship between CT and age in our cohorts. Our findings are consistent with previous reports showing that CT may not be affected by age in early AMD. [23] [24] [25] Although, studies have demonstrated that the choroid appears to measure thinner with advancing age, [26] [27] [28] age-related choroidal thinning was particularly prevalent in those with advanced AMD. 25, 29, 30 Our Amish and non-Amish cohorts were quite similar regarding various parameters, including age, CT, and DV within the central 3 mm and 5 mm circle in SD-OCT. The parameters in our study also correlate well with the previously reported histopathologic studies in AMD donor eyes, [30] [31] [32] but the histopathologic basis of the higher NCI is not entirely clear.
The mean CI is a reflection of both the choroidal vessels and the surrounding stromal tissues. Assuming that the vessels maintain a similar darkness, an increase in NCI could be the result of a reduction in choroidal vessels (i.e., an increase in stroma/vessels ratio), an increase in the reflectivity of the stroma itself, or both. We do know that the density of the choroidal vasculature is significantly reduced in AMD eyes compared with non-AMD, 31 and that choroidal thinning occurs with accentuation of the larger choroidal vessels in eyes with AMD. 30 But there are also conflicting reports showing no difference in CT among normal and different stages of AMD. 31 Drusen volume was associated with NCI but not correlated with CT in this study; therefore, the intrinsic choroidal alterations might start during the early stages of AMD before apparent choroidal thinning. However, differentiating among these possible explanations for a higher NCI will require additional analyses to extract the choroidal vasculature and compute the reflectivity of the choroidal stroma alone. Although some groups have demonstrated extraction of choroidal vasculature from the intensity images in non-AMD settings, 33, 34 this is a difficult task to do reliably. It is possible that advances in OCT angiography may eventually aid in this task.
It should be noted, however, that the apparent differences in NCI between individuals may have nothing to do with intrinsic choroidal alterations. It is possible that depigmentation of the RPE or subtle thinning of the retina in these early/intermediate AMD eyes may have led to an overall brighter choroid in these eyes with more drusen. Regardless of the precise explanation, however, given its relevance to overall drusen burden, NCI would seem to be a parameter worthy of further study. Our study is not without limitations; most notable is not having the axial length or refractive error information for the two different populations. As a result, we were unable to further adjust or correct our CT values based on the axial length. To our knowledge, however, this should not have an impact on choroidal reflectivity. However, the inclusion of two separate and independent populations (a non-Amish cohort to compare with our existing Amish cohort) gives greater strength and confidence in our observation that NCI seems to be associated with DV. Our study also has several other strengths including the use of certified reading center graders and inclusion of two independent cohorts.
In summary, among the two separate cohorts of subjects with early or intermediate AMD, we observed that a higher NCI was significantly correlated with a higher volume of drusen in the macula. The CI would seem to be a parameter that warrants further evaluation in future prospective studies. Validation of our results using swept source OCT or OCT angiography will be essential to establish the clinical relevance of CI in AMD.
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